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they must produce a response in the scintillator comparable 
with that produced by a conventional charged particle. As 
mentioned earlier, the EAS studied by Ramana Murthy were 
almost two orders of magnitude less energetic than those 
used by us and also a much smaller time range was examined. 
Since the peak in our distribution occurs after the 18 us time 
interval investigated by Ramana Murthy, the results cannot 
be directly compared. But a statistical examination of his 
published data using David’s technique indicates that there 
is less than 5% probability that the data is from a uniform 
distribution. We note that, subjectively, the observed dis- 
tribution seems to rise in the period prior to 13 ys before the 
shower arrival. This is not inconsistent with our observations. 

It is possible than an explanation may be found for these 
results without invoking the existence of tachyons. A, G. 
Gregory has pointed out to us that fission or spallation in 
the interstellar medium or production of associated particles 
at the source might account for the correlated arrival of 
cosmic rays. We note, however, that unless partieles are pro- 
duced with closely similar rigidity and velocity vectors they 
are unlikely to remain associated for long in the inter- 
stellar or source magnetic fields. A closely related problem 
has been discussed by Weekes? in connection with pulsar 
periodicities in cosmic-ray arrival times. 

We conclude that we have observed non-random events 
preceding the arrival of an extensive air shower. Being unable 
to explain this result in a more conventional manner, we 
suggest that this is the result of a particle travelling with an 
apparent velocity greater than that of light. 

We thank Dr A. G. Gregory and Professors C. A. Hurst 
and J. R. Prescott for comments, Mr K. W. Morris for 
advice on statistical analysis, and Ms J. M. Taylor for chart 
reading. One of us (R.W.C.) holds a Queen Elizabeth Fellow- 
ship. The University of Calgary is thanked for the loan of 
equipment. 
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Black hole explosions? 


QUANTUM gravitational effects are usually ignored in caleu- 
lations of the formation and evolution of black holes. The 
justification for this is that the radius of curvature of space- 
time outside the event horizon is very large compared to 
the Planek length (G%/c8)"2 ~ 103 em, the length scale on 
which quantum fluctuations of the metric are expected to be 
of order unity. This means that the energy density of par- 
ticles created by the gravitational field is small compared to 
the space-time curvature. Even though quantum effects may 
be small locally, they may still, however, add up to produce 
a significant effect over the lifetime of the Universe = 1017 s 
which is very long compared to the Planck time ~ 107% s. 
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The purpose of this letter is to show that this indeed may 
be the case: it seems that any black hole will create and 
emit particles such as neutrinos or photons at just the rate 
that one would expect if the black hole was a body with a 
temperature of (x/27)(h/2k) = 106 (Mo/M)K where x is 
the surface gravity of the black hole }. As a black hole emits 
this thermal radiation one would expect it to lose mass. This 
in turn would increase the surface gravity and so increase 
the rate of emission. The black hole would therefore have a 
finite life of the order of 107! (Mo/M)-3 s. For a black hole 
of solar mass this is much longer than the age of the Universe. 
There might, however, be much smaller black holes which 
were formed by fluctuations in the early Universe?. Any 
such black hole of mass less than 1015 g would have evapo- 
rated by now. Near the end of its life the rate of emission 
would be very high and about 108° erg would be released in 
the last 0.1 s. This is a fairly small explosion by astronomical 
standards but it is equivalent to about 1 million 1 Mton 
hydrogen bombs. 

To see how this thermal emission arises, consider (for 
simplicity) a massless Hermitean scalar field ¢ which obeys 
the covariant wave equation ¢; ..g* = 0 in an asymptotically 
flat space time containing a star which collapses to produce 
a black hole. The Heisenberg operator œ can be expressed as 


= 2 ffia: + fiai} 


where the fı are a complete orthonormal family of complex 
valued solutions of the wave equation fiasg°è = O which are 
asymptotically ingoing and positive frequency—they contain 
only positive frequencies on past null infinity 7->+5, The 
position-independent operators a, and a," are interpreted as 
annihilation and creation operators respectively for incoming 
scalar particles, Thus the initial vacuum state, the state con- 
taining no incoming scalar particles, is defined by a,|0_) = 0 
for all 7. The operator œ can also be expressed in terms of 
solutions which represent outgoing waves and waves crossing 
the event horizon: 


o= £ {p.b; + Dib: + qe: + Ges} 


where the p, are solutions of the wave equation which are 
zero on the event horizon and are asymptotically outgoing, 
positive frequency waves (positive frequency on future null 
infinity J*) and the q, are solutions which contain no out- 
going component (they are zero on J*). For the present 
purposes it is not necessary that the q; are positive frequency 
on the horizon even if that could be defined. Because fields 
of zero rest mass are completely determined by their values 
on F, the p, and the g, can be expressed as linear combina- 
nations of the f, and the fi: 

P: = > fasti + By fi} 

? 

The 8 will not be zero because the time dependence of the 
metric during the collapse will cause a certain amount of 
mixing of positive and negative frequencies. Equating the 
two expressions for ¢, one finds that the 6,, which are the 
annihilation operators for outgoing scalar particles, can be 
expressed as a linear combination of the ingoing annihilation 
and creation operators a, and a,* 


and so on 


pore Baai) 
Thus when there are no incoming particles the expectation 
value of the number operator b,*b, of the ith outgoing state is 
< 0- [b:*b: l0- > = D eel 
i 
The number of particles created and emitted to infinity in 


a gravitational collapse can therefore be determined by caleu- 
lating the coefficients Bı. Consider a simple example in which 
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the collapse is spherically symmetric. The angular dependence 
of the solution of the wave equation can then be expressed in 
terms of the spherical harmonics Y,,, and the dependence on 
retarded or advanced time u, v can be taken to have the 
form w/2 exp (iow) (here the continuum normalisation is 
used). Outgoing solutions Dim. will now be expressed as an 
integral over incoming fields with the same / and m: 


Po = i {ww fw’ + Boo for) du’ 


(The lm suffixes have been dropped.) To calculate a... and 
Bu. consider a wave which has a positive frequency o on I 
propagating backwards through, spacetime with nothing cross- 
ing the event horizon. Part of this wave will be scattered by 
the curvature of the static Schwarzschild solution outside the 
black hole and will end up on J’ with the same frequency w. 
This will give a 8(@ — œ’) behaviour in œw». Another part 
of the wave will propagate backwards into the star, through 
the origin and out again onto J. These waves will have a 
very large blue shift and will reach J” with asymptotic form 


Ca?” exp {—ioK > log w — v) + two} forv < v 


and zero for v > v,, where v, is the last advanced time at 
which a particle can leave I, pass through the origin and 
escape to I‘. Taking Fourier transforms, one finds that for 
large o’, a. and Beo have the form: 


deo & C exp [io — owl /w)'” 

Tl — tw/)[-i@ — wf tte 
Bow S C exp lilo + ovolo /o) 

TO — iw/d)[—i + oN. 


The total number of outgoing particles created in the fre- 
quency range w > o + dw is dwf,*|Buw-|?dw’. From the above 
expression it can be seen that this is infinite. By considering 
outgoing wave packets which are peaked at a frequency o 
and at late retarded times one can see that this infinite 
number of particles corresponds to a steady rate of emission 
at late retarded times. One can estimate this rate in the 
following way. The part of the wave from J* which enters 
the star at late retarded times is almost the same as the 
part that would have crossed the past event horizon of the 
Schwarzschild solution had it existed. The probability flux 
in a wave packet peaked at w is roughly proportional to 
Sawol? — |Bow|?} do where of > o,f > 0. In the ex- 
pressions given above for aw. and Bew there is a logarithmic 
singularity in the factors [—i(w — o’)]**" and 
[—i(o + o) J=.. Value of the expressions on different 
sheets differ by factors of exp(2rnwx). To obtain the correct 
ratio of des tO Bow one has to continue [—i(w + o’)]-*'*" 
in the upper half w plane round the singularity and then 
replace o’ by —o’. This means that, for large o, 


lauu | = exp (rw/k) [Bou | 


From this it follows that the number of particles emitted in 
this wave packet mode is (exp(270/x) — 1)+ times the 
number of particles that would have been absorbed from a 
similar wave packet incident on the black hole from J-. But 
this is just the relation between absorption and emission cross 
sections that one would expect from a body with a tempera- 
ture in geometric units of «/2z7. Similar results hold for 
massless fields of any integer spin. For half integer spin one 
again gets a similar result except that the emission cross 
section is (exp(2ro/x) + 1) times the absorption cross 
section as one would expect for thermal emission of fermions. 
These results do not seem to depend on the assumption of 
exact spherical symmetry which merely simplifies the calcu- 
lation. 
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Beckenstein® suggested on thermodynamic grounds that 
some multiple of « should be regarded as the temperature of 
a black hole. He did not, however, suggest that a black hole 
could emit particles as well as absorb them. For this reason 
Bardeen, Carter and I considered that the thermodynamical 
similarity between x and temperature was only an analogy. 
The present result seems to indicate, however, that there 
may be more to it than this. Of course this calculation 
ignores the back reaction of the particles on the metric, and 
quantum fluctuations on the metric. These might alter the 
picture. 

Further details of this work will be published elsewhere. 
The author is very grateful to G. W. Gibbons for discussions 
and help. 
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Absorption and emission 
by interstellar CH at 9 cm 


Ryppeck, Ellder and Irvine! have recently detected the 9-cm 
lines of the 2IL; J = YA doublet of interstellar CH. The 
F = 1 — 1 transition at 3,335.475 MHz was observed in 
emission in a wide range of galactic sources ranging from 
dark clouds to the spiral arms in front of Cassiopea A. The 
two satellite transitions F = 0 — 1 (at 3,263.788 MHz) and 
F = 1 — 0 (at 3,349.185 MHz) were also observed in emis- 
sion in several sources. 

We have observed the 3,335.475 MHz transition of CH 
in several southern galactic sources. In RCW38 this line is 
seen in absorption, while the two satellite lines are seen in 
emission. In several sources the distribution of CH is found 
to be extended. 

The observations were made on December 10 and 11, 1978, 
with the Parkes 64-m telescope equipped with a 9-cm para- 
metric amplifier having a hoise temperature of 150 K. The 
telescope beam at 9 cm is 6 are min. The receiver output 
was analysed by a 512-charinel digital correlator producing 
a spectral resolution of 19.5 kHz. 

The Onsala observations! of CH emission at 3,335.475 MHz 
from Cloud 2 and W12 were confirmed. In Cloud 2 we 
measured an antenna temperature similar to that found with 
the Onsala 25-m telescope. For W12 it was 0.23 K, about 
50% greater than the Onsala value of 0.15 K; however, at 
a position 5 are min south (where the continuum intensity 
had fallen to one seventh of its peak value) the line signal 
had decreased by only 30%. A similar situation occurred in 
RCW36. Thus the CH distribution is considerably more 
extended than the continuum for these HII regions; in Cloud 
2 it must be comparable with the 16 are min beam of the 
Onsala 25-m telescope. 
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